This review discusses the known features of diurnal vertical migration in the opossum shrimp Mysis relicta. Field observations describe a nocturnal pattern which is correlated to changing patterns of illumination. Hypotheses that offer evolutionary origins of vertical migration are presented which link trophic interactions of the migrator to their predators and prey. These couplings are examined for the case of Mysis relicta. All of the hypotheses are partially supported by Mysis behavior.
Interest in vertical migration of zooplankton extends back to at least 1817 when Cuvier observed diurnal changes in the vertical distribution of daphnids (Cushing 1951) . Today it is well established that many marine and freshwater animals migrate vertically. These daily vertical movements either up or down, called diurnal, diel or noctural migrations show variations which can be related to age, sex and environmental conditions. Most studies have shown that response to light is an important factor in the migrations. Light has been considered from the standpoint of optimum intensity, change in intensity, phototactic response, control of geotactic response and by creating a sampling artifact which implied vertical migration. During daylight hours organisms could avoid visible sampling devices, while at night they could not (Holmquist 1959) .
The literature on the vertical migration of mysids is not extensive. The first record is probably that made by Van Beneden (1861) when he observed that certain marine mysids swam to the surface even from deep water. The first actual record of a vertical migration, within the group, is that for Mysis mixta (Apstein 1906) . Subsequently it was established that such migrations occurred nightly (Otterstrom 1910 ) and this has been documented for a number of species. Various authors have suggested that migrations of mysids were related to reproductive activity (Tattersall & Tattersall 1951) . Dakin & Latarche (1913) were the first to report that Mysis relicta, which had been considered a bottom dweller, became planktonic at night. Subsequently Southern & Gardiner (1926) and Southern (1932) presented extensive field data wich demonstrated that M. relicta lived on or near the bottom during daytime but occurred at all depths at night. They were not able to establish a definite migratory pattern since they only captured 206 mysids at night and 74 during daytime throughout their 7-day study. Birge & Juday (1927) observed vertical migrations of M. relicta in Green and Trout Lakes. Langford (1938) and Larkin (1948) made additional observations of migratory behavior. Larkin concluded from his sampling in Great Slave Lake that migration began at 10:00 p.m., reached a peak at midnight, and that few individuals remained near the surface until dawn.
The field studies by Beeton (1960) in two Great Lakes reaffirmed Larkin's observations and demonstrated a definite upward migration at darkness and gradual descent after the peak migration (Fig. 1) . These studies showed that the time of ascent was around 2100 EST in June, becoming progressively earlier after the summer solstice, and occurred at 1630 EST in November. The greatest vertical distance of migration closely followed the initial ascent, whereas the time of peak abundance very often was at a greater depth later in the evening. This peak abundance occurred before midnight however, and the mysids subsequently became more widely distributed and fewer in number throughout the water column. Most individuals disappeared from the water column between 0400 and 0500 EST. Mysids usually migrated through the thermocline when first ascending but later in the night they aggregated in or below this layer. et al. (1975) .
thermocline with temperature gradients of around 2 C m -1 . When the thermocline was weak or disrupted, mysids were distributed throughout the water column. Their extreme sensitivity to low light intensities was evident on nights with bright moonlight when mysids did not migrate as far upward as on dark nights. On one occasion, when full moonlight developed after initial ascent, the mysids returned to deep water five hours sooner than on dark nights (Fig. 2) . The mysids were ascending when surface light intensity was decreasing at approximately 6 to 10.7 Ix min -and descending when light intensity was increasing at approximately 0.032 to 1.3 x min -1 . Laboratory studies showed mysids responded to 0.0001 Ix (Beeton 1959) . Teraguchi (1969) , using an intensive sampling program and a high frequency echosounder, was able to work out more details of the migratory behavior and more precisely determine times and rates of ascent and descent. His studies demonstrated that age affected migration whereas sexual differences were not important. The onset of ascent was progressively later and onset of descent was progressively earlier with age in both sexes.
The rate of ascent was usually correlated with the rate of absolute decrease in light (Fig. 3 ), but the rate of descent did not show a significant correlation with increase in light. The slope of the relationship between rate of ascent and rate of change in illumination became progressively less from summer into fall.
His studies also shed some light on mysid behavior during migration. When they were moving upward they appeared to go through periods of rapid ascent alternating with periods of slow ascent or descent. During downward migration they alternated periods of rapid descent with periods of slow descent or ascent.
In situ experiments using various numbers and cycles of artificial light provided additional evidence of the importance of light to the migratory behavior of M. relicta (Teraguchi et al. 1975) . Abrupt illumination caused the mysids to seek a greater depth, where they remained until the lights were turned off during the winter and summer (Fig. 4) . Similar experiments in the fall resulted in the mysids returning to their initial depth. Consequently, no adaptation to increased light occurred in winter and spring, but they did adapt in the fall. A continuous increase and subsequent decrease in light resulted in a progressively downward and then upward displacement in the leading edge of the mysid scattering layer. This was pronounced in the summer, but to a much lesser extent in the fall. Teraguchi (1969) concluded that the onset of evening ascent appeared to be triggered by rate of
change in log illumination, although the onset did not always occur at the same level of illumination. The leading edge of its upward migration was associated with light intensity of 0.014 to 0.063 x, but there appeared to be a seasonal progression in the mean value and range of illumination (Teraguchi etal. 1975) .
The echograms obtained by Teraguchi (1969) provide information on details of the vertical migration of M. relicta which are difficult to obtain by sampling. The echograms showed the migration and vertical distribution to consist of a major evening ascent (MEA), period of up and down movements -dark oscillations, and a major morning descent (MMD). Other features which occurred on several echograms were a minor evening ascent following the MEA, followed by a late evening descent, an early morning rise, an early morning descent, and a minor morning descent after the MMD. Beeton (1959) established that M. relicta has a peak sensitivity to light at 515 nm and light in this wave length penetrates farther than other light into the deep waters of the Great Lakes. His studies showed that M. relicta was photopositive unless they were subjected to total darkness for ten hours and then they were photonegative. Duplicate experiments with Neomysis americana gave similar results (Herman 1962 (Herman , 1963 . The action spectrum studies showed that mysids swam downward whenever a light of 0.0001 Ix or greater was turned on.
Based on these studies Beeton (1957) concluded that, although M. relicta were photopositive during the day, they remained near the bottom because they had a negative response to increased light intensity experienced when they swam upward. The photopositive mysids migrated upward as light intensity decreased at sunset. The upper extent of migration and their behavior was determined by thermal and prevailing light conditions, e.g., moonlight. The descent was a result of their negative phototaxis.
The studies conducted by Teraguchi et al. (1975) lend support to several hypotheses on vertical migration. The fact that the leading edge of the scattering layers was consistently associated with a narrow range of illumination supports the idea of an optimum zone of illumination (Rose 1925) as well as lends support to Siebeck's (1960) conclusion that the rate of vertical movement of zooplankton is related to the rate of absolute change in illumination. One set of observations also fits ideas of McNaught & Hasler (1964) that there is a linear relationship between rate of movement and rate of relative change in illumination. The apparent seasonal changes in the response of M. relicta to illumination led Teraguchi et al. (1975) to suggest the possibility of a circannual rhythm in its photic responses.
The above observations clearly indicate that a changing pattern of illumination is the principle causal mechanism controlling mysid migrations. Recently there has been a renewed interest in the 'ultimate causes' of this behavior in zooplankton, although for the past one hundred years zooplankton ecologists have offered different teleological explanations. Though some involve light (Russell 1927; Harris 1953; Hairton 1976) , genetic recombination (David 1961) and population regulation (Wynne-Edwards 1962), most are based upon feeding relationships in pelagic communities. Noting that zooplankton preferred darkness, Fuchs (1882, see Longhurst 1976 ) first proposed that vertical migration allowed zooplankton to feed on phytoplankton in the surface waters. Worthington (1931) similarly thought migrations resulted from hunger in zooplankton which daily must invade surface waters to feed at night. Hardy (1956) believed migration would enhance the horizontal dispersion of zooplankton bringing them into patches rich with prey. McAllister (1969) proposed that vertical migration optimized herbivorous predation. During daylight hours algal production is free of predation. Migrating zooplankters concentrate their feeding at night before the day's production is lost through respiration. Kerfoot (1970 Kerfoot ( , 1972 ) formulated a numerical model based on path analysis, which indicated that zooplankton biomass remained at depth ranges of light intensities directly proportional to daily primary production. This consequence reduced variation in the zooplankton's food supply by regulating zooplankton feeding pressure according to the algae's ability to reproduce.
The above hypotheses do not easily harmonize with natural selection. More correctly they should be viewed as the consequences of the selective forces which favor vertical migration (Enright 1977) . Some proposals easily accommodate Darwinian selection. Since optimal conditions of temperature and food rarely coincide in time and space, McLar- en (1963) based his hypothesis on the fact that higher egg production at deeper (colder) depths was offset by retarded development. By feeding only at night in warmer surface waters, marine copepods could maximize their feeding efficiencies at higher temperatures and their growth and development at lower temperatures resulting in an energy (McLaren 1963) or fecundal (McLaren 1974) bonus for the animal. Enright (1977) developed a similar metabolic model following McLaren's approach in that an energy bonus results from migrating in stratified waters. Finally, the perhaps most attractive and widely accepted hypothesis holds that diurnal vertical migration has evolved from the avoidance of zooplankton to daylight where they are vulnerable to visually oriented planktivorous fish. The daily feeding excursions by zooplankton into the food rich surface layers occur at night to avoid fish predation. Zaret & Suffern (1976) provided the first experimental evidence supporting this hypothesis in Gatun Lake, Panama. The preferred zooplankton prey Diaptomus gatunensis almost always remained at depths where light intensities were too low for the planktivore Melaniris chagresis to feed. Furthermore, this diaptomid exhibited this migration in an unstratified lake in direct contradiction to McLaren and Enright's hypotheses. Finally, when reviewing hypotheses regarding diurnal vertical migration, Miller's (1979) comments are worth noting. The necessary experiments that could prove or disprove any of the above ideas cannot be performed. Thus proposed hypotheses cannot be eliminated and all will remain viable. Miller cautions us to carefully consider any new and competing causes before they join this growing list.
What are the'ultimate causes' or selective pressures that lead to the pronounced migratory behavior of Mysis? A proper evaluation of the aforementioned hypotheses (McLaren 1963 (McLaren , 1974 Zaret & Suffern 1976; Enright 1977 ) compatible with natural selection first assumes some understanding of the relationship between migration and mysid feeding and their own mortality due to fish predators Several studies link mysid migrations to feeding and one investigation clearly correlates mysid mortality to migrating planktivores.
In Stony Lake, Ontario, Lasenby & Langford (1973) observed the change in mysid gut contents at two stationary periods in the migration cycle midday and midnight. At midday near the lake bottom the guts contained detritus and algae; at midnight Mysis preyed heavily on Daphnia and the rotifer Kellicottia in the water column. Although this omnivorous behavior has long been observed (Forbes 1882) , the carnivory at night was striking. Rybock (1978) also investigated mysid gut con- tents while carefully monitoring the extensive 400-500-m migrations of Mysis in Lake Tahoe where they are holoplanktonic in the deeper areas, preventing any benthic feeding. At night Mysis strongly selected for the copepod Epischura and the cladoceran Bosmina just beneath the thermocline where both prey were found in high concentrations. The population was located well below the thermocline at depths greater than 100 m during the day where prey densities were significantly lower. During full moon periods mysids remained well below shallower depth strata where prey densities were much higher. Since ingestion rates were proportional to prey concentrations, this suggested moonlight might inhibit feeding rates.
In Lake Michigan where phytoplankton biomass is much greater, Bowers & Grossnickle (1978) correlated the migratory and herbivorous feeding behavior of Mysis to the vertical structure of phytoplankton during thermal stratification. Using changes in size fractionated chlorophyll as an indicator of grazing, laboratory experiments indicated a preference for large filamentous diatoms. A concurrent field effort coupled the mysid migrations to a deep chlorophyll layer (Brooks & Torke 1977) where these filamentous diatoms reside in large numbers in and beneath the thermocline. At night a mysid deep-scattering layer, as seen by a high frequency echosounder, resides within the deep chlorophyll layer (Fig. 5) . These observations strongly implied that Mysis migrated into a phytoplankton rich stratum where it fed until the predawn descent. On one night a full moon delayed the mysids from their normal evening ascent until moonset in early morning (Fig. 6) . Thus for most of the evening the mysids were not located in the deep chlorophyll layer away from this food resource. However, it had not been proved that feeding occurred in this situapion. In a follow-up study Grossnickle (1979) , using Mackas & Bohrer's (1976) in situ technique, assessed mysid gut fullness during migration. Significant increases in gut fullness occurred soon after sunset and guts remained full until the morning descent for all mysid instars (Fig. 7) . Therefore Mysis exploits the preferred long-chained diatoms in the deep chlorophyll layers.
If Mysis does receive an extensiva part of its daily food ration in the water column at night, one question which remains unanswered is what does Mysis do during the daylight hours on lake bottom? Previously Mysis was thought to be a benthic detritivore (Lasenby & Langford 1973; Grossnickle 1979) . Recently Parker (1980) has observed mysid predation upon the burrowing amphipod Pontoporeia 00 50 TIME OF SAMPLING (HOURS) Fig. 7 . Nocturnal changes in mysid gut fullness (G') per Mysis in Lake Michigan. Figure from Grossnickle (1979). hoyi. This amphipod is primarily a benthic detritivore and an important food resource for demersal fish in the Great Lakes. Significant mysid predation on benthic macroinvertebrates questions the advantage of migrating in order to feed on zooplankton and algae at night. Diurnal vertical migration thus places Mysis on a diel schedule where feeding takes place in two very different communities, the pelagic and the benthic.
All of the above data only portray Mysis as the vertical migrator relative to its prey. In Lake Michigan both a preferred prey group and an important mysid predator also vertically migrate, complicating an understanding of the temporal and spatial aspects of mysid's trophic couplings to the rest of the limnetic community. Cladocerans, especially Daphnia, are a preferred prey group (Cooper & Goldman 1980) , to the point of being nearly vanquished by Mysis in some lakes (Goldman et al. 1979) . In Lake Michigan most of the Daphnia population migrates from metalimnetic strata into the top 5-10 at night. Although Mysis feed upon Daphnia at night, they cannot fully exercise their preference since the majority of each group do not precisely coincide in time and space during stratification. Bowers & Vanderploeg(1982) developed an in situ technique similar to Haney's (1973) where mysids were released into a large feeding chamber after enclosing the natural prey assemblage at a desired depth. All of their experiments were performed just beneath a sharp thermocline where Mysis nightly layers out, and at two stationary phases of the migration cycle midday and midnight. The midnight results indicated low cladoceran prey densities and mysid predation rates. When release at midday, predation rates were significantly higher, corresponding to higher cladoceran prey densities. Cladoceran mortality was reduced by their own vertical migratory behavior.
In Lake Michigan Mysis and its chief predator the alewife have coincident migration patterns (Janssen & Brandt 1980) . Alewife stomach contents revealed these migrations were linked to the planktivores feeding upon mysids. During periods of bright moonlight Mysis remained at deeper strata than normal. Adult alewives also concentrated at the same depth to feed. Janssen & Brandt (1980) interpreted alewife migration as an adaptive response to their vertically migrating prey.
Having reviewed mysid trophic couplings from the vertical migration perspective, we can again ask what selective pressures led to the evolution of mysid migrations. We agree with Woodhead's (1966) philosophy regarding migration. There may be several selective advantages for a single species with each advantage relatively more important for different age groups or for differnt habitats acting ,, singly or simultaneously. Three competing hypotheses discussed earlier are attractive. Migration into depths having high densities of zooplankton prey as in Lake Tahoe or Lake Michigan with a deep chlorophyll layer sustains higher feeding rates which would translate into increased growth and reproduction. During thermal stratification the metabolic models of McLaren (1963 McLaren ( , 1974 and Enright (1977) conceivably are applicable, especially for juvenile mysids which penetrate further into the thermocline and warmer water. During the daylight hours Mysis inhabits hypolimnetic water of four to six degrees. Maintenance costs are lower than when contrasted to the 10-15 C waters mysids feed in at night. Mysis might enjoy an energy or reproductive bonus in this situation. The predation hypothesis is especially attractive in Lake Michigan. Mysis is the largest and most easily seen zooplankton prey to visually hunting planktivores that are size selective (Brooks & Dodson 1965) . Two observations support this review. First, the smaller and less visible juvenile mysid stages generally lead the evening ascent and are the last group to descend in the morning. Second, moonrises and moonsets interrupt the natural migratory cycle. This behavior extracts a significant cost since Mysis spends less time foraging in the metalimnion. Each of the above hypotheses are intuitively inviting but remain untestable (Miller 1979) . Future efforts should focus on possible experimental designs to test them.
